Pericarpium Citri Reticulatae (Chenpi in Chinese) has been widely used as an herbal medicine in Korea, China, and Japan. Chenpi extracts are used to treat indigestion and inflammatory syndromes of the respiratory tract such as bronchitis and asthma. This thesis will analyze chemical compositions of Chenpi volatile oil, which was performed by comprehensive two-dimensional gas chromatography with high-resolution time-of-flight mass spectrometry (GC × GC-HR-TOFMS). One hundred and sixty-seven components were tentatively identified, and terpene compounds are the main components of Chenpi volatile oil, a significant larger number than in previous studies. The majority of the eluted compounds, which were identified, were well separated as a result of highresolution capability of the GC × GC method, which significantly reduces, the coelution. -Elemene is tentatively qualified by means of GC × GC in tandem with high-resolution TOFMS detection, which plays an important role in enhancing the effects of many anticancer drugs and in reducing the side effects of chemotherapy. This study suggests that GC × GC-HR-TOFMS is suitable for routine characterization of chemical composition of volatile oil in herbal medicines.
Introduction
Pericarpium Citri Reticulatae (Chenpi in Chinese) has been widely used as an herbal medicine for a long time in China, Korea, and Japan, for its pharmacologic activity, rich resources, low toxicity, and costs. Chenpi is the dried ripe fruit peel of Citrus reticulata Blanco and its cultivars, gathered from September to December [1] . Their main cultivars are Citrus reticulata "Chachi, " Citrus Reticulata "Dahongpao, " and Citrus erythrosa Tanaka. In Chinese people's traditional use, Chenpi is mostly utilized to eliminate phlegm and strengthen spleen [2] . Moreover, Chenpi is extensively added to food as a condiment.
It is well known that Chenpi contains various bioactive compounds, such as flavonoids, phenolic acids, and limonoids [2, 3] . In the present study, most reports on Chenpi focus on phenolic compounds and flavonoids [3] [4] [5] [6] [7] , but few focus on volatile compounds which also have strong pharmacologic bioactivities. For example, high-performance liquid chromatography (HPLC), high-speed countercurrent chromatography (HSCCC), and capillary electrophoresis (CE) have been applied for the determination of phenolic compounds and flavonoids of Chenpi [8] [9] [10] . However, reviewing the literature, it seems that the chemical composition of the volatile oil of Chenpi has been little investigated [11] . Furthermore, the volatile compounds of Chenpi may contribute 2 Evidence-Based Complementary and Alternative Medicine to pharmacological effects of Chenpi extracts reported above [12, 13] . Therefore, a method able to rapidly identify the volatile compounds of Chenpi could be a useful tool for the purpose of a complete phytochemical analysis.
Gas chromatography-mass spectroscopy (GC-MS) has been used for the qualitative analysis of the volatile constituents in Chenpi [11] . But it is difficult to achieve the complete separation of minor volatile components and many coelution volatile constituents. To solve these problems, it is necessary to use multidimensional gas chromatography. Comprehensive two-dimensional gas chromatography with highresolution time-of-flight mass spectrometry (GC × GC-HR-TOFMS) is a new developed powerful and versatile analytical tool, which combines two powerful analytical technologies with complementary attributes [14, 15] . GC × GC separates chemical species with two capillary columns interfaced by a modulator that traps and concentrates eluents from the first column, and it then introduces them into the second column, producing a full secondary chromatogram for each single data point of a traditional one-dimensional separation [16, 17] . HR-TOFMS provides mass precision that is fine enough to distinguish elemental compositions, providing a more definitive basis for molecular identification. GC × GC is important for HR-TOFMS because the better separations significantly reduce the coelution and the problems of mass spectral mixing. And, HR-TOFMS is important for GC × GC because the structural and compositional information available with HR-TOFMS aids in the interpretation of the rich, complex data from GC × GC separations [18] . GC × GC-TOFMS has been successfully applied in the volatile oil study and greatly improves the result of component separation and identification [19, 20] . In this study, the volatile oil of Chenpi was firstly separated and detected with GC × GC-HR-TOFMS ( Figure 1 ).
Materials and Methods

Samples.
Chenpi sample (fruit peels of Citrus reticulate "Dahongpao") was collected from Zigong in Sichuan province, China. The sample was authenticated by Professor Chen Jianwei from Nanjing University of Traditional Chinese Medicine, China.
Extraction of Volatile
Oil. After the sample was dried for 2 h at 45 ∘ C and smashed, 50 g of sample was swollen with 600 mL of distilled water in a standard extractor for extracting volatile oil for 3 h. Then, the volatile oil was dried over anhydrous sodium sulphate until all the water was dried and then stored in the dark glass bottle at 4 ∘ C prior to GC × GC-HR-TOFMS analysis. ∘ C ion source temperature, a mass range of m/z 50-450 with 4000 FWHM resolution, and 100 spectra per second acquisition rate. Table Generation . The final data for each chromatogram is an array of 1000 × 600 data points, each data point with a HRMS vector of 40 K intensities. Thus, each chromatogram has 24 billion values requiring 96 gigabytes for representing for single-precision floating point numbers without compression. The set of 18 chromatograms has more than 1.7 terabytes of uncompressed data. The data were compressed and stored by the Zoex FasTOF system to HDF5-format files and were processed with GC Image GC × GC Software R2.1. In order to manage such large files on computers with limited random access memory (RAM), GC Image Software maintains a chromatogram with integer mass or centroid-resampled spectra in RAM and accesses the HR-MS data from disk as needed. GC Image can export raw data and computed results to nonproprietary file formats for processing with external software. The components can be quantified by Zoex software (Zoex Corp, Lincoln, NE, USA).
GC-MS System and GC × GC-HR-TOFMS
Data Conversion and Peak
All peaks with signal-to-noise ratio higher than 100 were found in the raw GC × GC chromatogram. The workstation can automatically give the parameters such as similarity, reverse, and probability of peaks via comparing them with the compounds in the library. The results were combined in a peak table. The NIST/EPA/NIH Mass Spectral Library Version 2.0 was used in this work.
Results and Discussion
Qualitative Analysis of Chenpi Volatile
Oil. The column system is nearly orthogonal and provides a structured separation. A typical two-dimensional separation/total ion chromatogram (TIC) and three-dimensional chromatogram are shown in Figure 2 . In the GC × GC system, compounds are separated by volatility difference on the first dimension nonpolar column and by polarity on the second mediumpolar column. The GC × GC system accomplishes the true orthogonal separation on account for both the change of the polarity of two fixed phases and the linear temperature programming.
Using GC × GC-HR-TOFMS, the quantity of the detected components was up to 834. Compared to the traditional identification method such as GC-MS, the analysis from GC × GC-HR-TOFMS becomes more reliable, relying on the combined identification information including retention times, similarity, reverse match factor, and probability. The similarity and reverse match factors indicate how well a mass spectrum matches the library spectrum, but the isomers have similar mass spectra. In this case, the probability is used to determine whether the peaks with the same name belong to one compound or several compounds. The GC × GC-HR-TOF/ MS software was used to find all the peaks in the raw GC × GC chromatogram. A library search was carried out for all the peaks using the NIST/EPA/NIH version 2.0, and the results were combined in a single peak table. A similarity and reverse match factor above 583 and 612, respectively, indicates that an acquired mass spectrum usually shows a good match with the library spectrum. Because of the numerous isomers present in volatile oils, especially within monoterpenes and sesquiterpenes, more attention should be paid for identification using mass spectra. In order to enhance the reliability of the identification by MS, both similarity and reverse match factor should be used. According to our experience and the literature data [18] [19] [20] , 167 compounds with good match were tentatively identified including 50 monoterpenes, 36 sesquiterpenes, 31 esters and acids, 9 aldehydes and ketones, 6 alcohols, 3 ethers, 12 phenyl compounds, and 20 other components. Compounds have lower search probabilities than these counted as unknowns, and were disqualified for Kovats index comparison. Table 1 listed 167 components identified in Chenpi volatile oil. The volatile fraction is characterized by high percentages of monoterpenes, sesquiterpenes, and esters, including -elemene, p-mentha-1(7),8(10)-dien-9-ol, and limonene. In this study, many components have also been tentatively identified, which were found in Chenpi volatile oil for the first time such as globulol and isoledene. There is high possibility that they will be literally useful for further pharmaceutical research of Chenpi volatile oil.
Group Separation of Chenpi Volatile Components.
In GC × GC-HR-TOFMS analysis, the 167 identified volatile components in Chenpi volatile oil were mainly classified into two groups that can be seen in Figure 3 . Based on GC × GC-HR-TOFMS, it can be found that the peaks in areas A and B are monoterpenes and sesquiterpenes, respectively. These monoterpenes and sesquiterpenes are mainly alkenes, alcohols, and ethers. It was also found that a lot of saturated and unsaturated fatty acid esters and phenyl compounds constitute the Chenpi volatile oil. This study demonstrates that GC × GC-HR-TOFMS is a powerful separation and identification tool that allows for the identification and group separation of a much larger number of complex volatile oil components.
Identification of Three Coelution Volatile Components in Chenpi Volatile
Oil. The high-resolution mass spectra in the TIC can be used for accurate identification of volatile compounds in Chenpi volatile oil, and these identified compounds will be significant to the further pharmaceutical research. For example, Figure 4 compares the high resolution mass spectrum of the blob (peak) marked with 138 (49.14 min, 2.02 s), 104 (49.26 min, 1.58 s), and 77 (49.14 min, 1.45 s), headto-tail with the mass spectrum of p-mentha-1(7),8(10)-dien-9-ol, dodecanal, and -elemene TMS from the NIST/EPA/ NIH library mass spectra. For p-mentha-1(7),8(10)-dien-9-ol, the forward match factor is 806; reverse match factor is 855; and probability is 20.12%. For dodecanal, the forward match factor is 763; reverse match factor is 773; and probability is 7.16%. For -elemene, the forward match factor is 911; reverse match factor is 914; and probability is 17.11%. The above three volatile components cannot be clearly separated or identified by traditional one-dimensional gas chromatography or GC-MS method, because they are coelution volatile components, which have very similar chemical properties including volatility and polarity. In this study, the three coelution volatile components in Chenpi volatile oil were well separated and identified by GC × GC-HR-TOFMS, which have not been reported in other studies ( Figure 4 ). This study showed that GC × GC-HR-TOFMS represents a powerful separation and analysis tool for the analysis of complex volatile oils of herbal medicines. GC × GC-HR-TOFMS can give the information about the formula and structures, can provide the opportunity for differentiating different volatile oils, can give the subtle differences of the oils from different areas, and can find new compounds that have the possible pharmaceutical effect on some diseases. 
